Modelling gross margins and potential N exports from cropland in south-eastern Australia  by Nash, David et al.
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a  b  s  t  r  a  c  t
This  study  simulated  the  economic  and  environmental  performance  of  three  types  of  wheat  sown  into
soils  with  three  initial  N  contents  and  using  ten  different  fertiliser  management  strategies.  The  Agricul-
tural  Productions  Systems  Simulator  (APSIM)  was  used  to model  crop  yields  for which  gross  margins  were
estimated  and  a Bayesian  Network  used  to  estimate  environmental  risk. Based  on  economic  and  envi-
ronmental  considerations,  it would  appear  that  for low  N  soils  more  than  10 kg  N/ha  is  needed  at  sowing.
For  soils  with  medium  to high  N, short  and  medium  season  wheat  varieties  need  only  10 kg N/ha,  while
long  season  varieties  require  >10  kg  N/ha,  at sowing.  Additional  N fertiliser  can  be applied  after  sowing  toPSIM
itrogen fertiliser management
heat
ater  quality
ross  margin
rop  yield
maximise  gross  margins,  taking  into  account  potential  crop yield  and seasonal  conditions.  Interestingly,
the  study  suggests  that where  farmers  increase  their  gross  margins  they  are  improving  their  environ-
mental  performance.  This  is  counter  intuitive  as it  implies  N  fertiliser  applications  can  lessen  N exports.
This  results  from  the enhanced  water  uptake  by the crop  outweighing  the  adverse  effects  of  increased  N
availability.  It would  appear  that ﬂexible  cropping  systems  that  maximise  crop  potential  with  minimum
sowing  N,  maximise  both  economic  and  environmental  performance.
n CoCrow
. Introduction
Nitrogen (N) and phosphorus (P) exported from cropping land
an adversely affect receiving waters (European Union, 2000;
ranlund et al., 2005; USEPA, 1996). As a result, cropping systems
ave been developed that increase grower earnings and reduce
nvironmental impacts, compared to previous systems (Cannell
nd Hawes, 1994; Di Pietro, 2001). In south-eastern Australia
xtensive grazing land is being converted to broad-acre, high rain-
all (>550 mm)  cropping. This land use change has most likely
ncreased N exports to surface waters from both conventional and
aised-bed cropping systems (Johnston, 2006) and reduced tourism
evenues (Read Sturgess and Associates, 1999). However, the most
ppropriate way of mitigating N exports from high rainfall cropping
emains unclear.
High  rainfall cropping systems generally embrace minimal or
o tillage and retention of plant residues to reduce soil structural
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ustralia.
161-0301  Crown Copyright © 2013 Published by Elsevier B.V.       
ttp://dx.doi.org/10.1016/j.eja.2013.01.001
Open access under CC BY-NCpyright © 2013 Published by Elsevier B.V.  
degradation and minimise the export of sediment bound nutrients
(Holland, 2004). Consequently, nutrients such as N that may  be
exported in a dissolved form (i.e. nitrate) often comprise a larger
proportion of total exports when compared with systems using
deep cultivation (>250 mm)  (Kimmell et al., 2001). The higher pro-
portions of dissolved nutrients from conservation tillage systems
may be the result of better soil structure and improved inﬁltration,
the accumulation of nutrients in surface soil (Mathers and Nash,
2009; Sharpley and Smith, 1994; Vu et al., 2009) and less adsorption
of dissolved nutrients in transit (Sharpley, 1980).
Deterministic models have been used to investigate the effects
of management on the loss of dissolved nutrients from crop-
ping systems including SWAT (Gassman et al., 2007), LEACHMN
(Sogbedji et al., 2001), EPIC (Gassman et al., 2004) and DRAINMOD
(Salazar et al., 2009). Unfortunately, it is difﬁcult to calibrate and use
these models at the ﬁeld scale (<100 ha) in data poor environments,
such as those in south-eastern Australia, where rainfall variability
is high and soil types, crops, fertiliser rates, sowing times and crop
residue management vary (Mathers et al., 2007). Yet it is at the ﬁeld
Open access under CC BY-NC-ND license.scale that most crop management decisions are made.
Bayesian Networks are a technology, based on well established
rules of conditional probability, that have been used extensively to
examine complex relationships (Pearl, 1988) and for investigating
-ND license.
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ulti-factor problems such as those associated with resource
anagement (Ames, 2002; Ames and Neilson, 2001; Varis, 1997;
aris and Kuikka, 1999). Nash et al. (2010) developed a Bayesian
etwork for comparing dissolved N exports from high rainfall
ropping (Nash et al., 2010). The network combined subjective
nd objective information into a conceptually sound model that
rovided a transparent and logical linking of key management
ecisions to N exports (and the associated uncertainty).
In this study we use a slightly modiﬁed Bayesian Network (Nash
t al., 2010), the Agricultural Production Systems Simulator Model
APSIM) (Keating et al., 2003) crop production model and gross
argin analyses to investigate N export risk, crop yields and gross
argins of wheat crops in the Dunkeld region of south-eastern
ustralia. Those data are used: (a) to investigate relationships
etween environmental and economic objectives associated with N
ertiliser use; and (b) to develop recommendations for managing N
ertilisers used for growing wheat varieties with different growing
eason lengths where soils have different pre-sowing N fertility.
.  Materials and methods
The  study area was located at Dunkeld (142◦34′E, 37◦65′S)
n south-eastern Australia. Dunkeld receives >620 mm of rainfall
n most years with highest falls in late winter and early spring
Fig. 1). Mean monthly maximum and mean monthly minimum
emperatures are highest in summer (i.e. >26 ◦C in February) and
owest in winter. Soil proﬁles in the area are characterised by a ﬁne
andy/silty clay loam to 250 mm overlying a heavy clay. These soils,
ocally referred to as Grey sodosols (Isbell, 2002), are common in
he high rainfall cropping zone of south-eastern Australia (refer
ttp://vro.dpi.vic.gov.au/dpi/vro/glenregn.nsf/pages/glenelg
odosols).
The crop/fertiliser management strategies tested were selected
n consultation with farmers from the region. The attributes of
hree wheat varieties commonly grown in the Dunkeld region were
sed for the simulations. The varieties were “Silverstar®”, a short
eason wheat, “Chara®”, a wheat variety with a mid-length grow-
ng season and “Mackellar®” a long season variety (®AWB  Limited,
elbourne, Australia). These varieties have approximate growing
easons of 195, 220 and 250 days, respectively. The simulations
ere undertaken using three levels of soil N at sowing and ten fer-
iliser management strategies which encompassed the full range of
 fertiliser management strategies (Table 1) that might be expected
n this region. Low, Medium and High N at sowing corresponded to
50, 50–100 and >100 kg of inorganic N per hectare (0–600 mm
ampling depth). Seasonal N fertiliser application rates were 10,
5, 60 and 110 kg N/ha and fertiliser was assumed to be applied
t: (i) sowing (minimum 10 kg N/ha); (ii) at ﬁrst node stage, 84,
00 and 122 days after sowing for Silverstar, Chara and Mackel-
ar, respectively; or (iii) at fully emerged ﬂag leaf stage 130, 150
nd 180 days after sowing, the latter being Growth Stages 31 and
9 (GS31 and GS39), respectively (Zadoks et al., 1974). Aside from
he 10 kg N/ha applied at sowing all applications were multiples of
ither 25 kg N/ha or 50 kg N/ha.
. Bayesian Network
The  Bayesian Network used in this study is presented in
ig. 2. The network development process and basic structure are
escribed elsewhere (McDowell et al., 2009; Nash et al., 2010). The
etwork was conceptualised using an annual time step and applied
t the “ﬁeld scale” where a ﬁeld is deﬁned as an area with similar
hysical attributes (i.e. soil type and slope) that is treated by the
and manager as a single management unit.mean monthly daily minimum temperatures for Dunkeld in south-eastern Australia.
Data source: http://www.meteorology.com.au/local-climate-history/vic/dunkeld
(accessed 12.12.12).
Where possible, the network was  developed using empirical
data and deterministic relationships (Mathers et al., 2007). How-
ever, in the absence of such information, expert opinions were
used to populate the conditional probability tables that underpin
the network structure (i.e. given one set of conditions, what is the
chance of another condition occurring) (Cain, 2001). Five types
of nodes (variables) were used. Site Variables were the physical
attributes of the site in question and over which the manager has
little or no control (i.e. inherent soil properties). Year Variables
depended on chance events, most often rainfall characteristics, and
changed annually. Management Variables were those which were
under land manager control, most notably Crop Type, Fertiliser
Type at Sowing, Fertiliser Rate at Sowing, Fertiliser Depth at
Sowing, Fertiliser Rate at Within Season Applications and Number
of Within Season Fert. Applications. Intermediate Variables were
deﬁned as factors that combine the effects of Site, Year and Man-
agement Variables to describe aspects of N exports (e.g. Sowing
Fertiliser Source Factor). The Outcome Variable (Dissolved N Load
Factor) describes the range of N exports that may be expected
from ﬁelds (Fig. 2). It is notable that the Dissolved N Export Factor
estimates the relative risk of N exports (Nash et al., 2010).
An  important addition to the previously published network
was a Within Season Fertiliser Source Factor. As a consequence,
the network had six main components: two transport factors (a)
Surface Drainage and (b) Sub-Surface Drainage; and four source
factors: (c) Soil; (d) Plant; (e) Sowing Fertiliser; and (f) Within
Season Fertiliser. Using the NETICA® (Norsys Software Corp., Van-
couver, Canada) software the “State” descriptor for each “Node” and
the probabilities of each State are represented both numerically
and by the horizontal column graph. For continuous distribu-
tions, a mean estimate for that node, calculated as the sum of
products of the mid  points of the ranges and probabilities, is pre-
sented below the column graph along with the standard deviation
(Fig. 2).
The  Bayesian Network was conceptualised as having transport
and source factors similar to phosphorus (P) indices (DeLaune et al.,
2004; Elliott et al., 2006; Hooda et al., 2000; Sharpley et al., 2003).
Like index systems, where data are limited, additive, multiplica-
tive or additive–multiplicative approaches were used to develop
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Table  1
Fertiliser management strategies used to compare economic and environmental attributes of wheat crops in the Dunkeld region.
Abbreviated management strategy Fertiliser application at
Sowing  (kg N/ha)
Fertiliser application at
GS31a (kg N/ha)
Fertiliser application at
GS39a (kg N/ha)
Total  fertiliser
application rate (kg N/ha)
D0 0 Na 10 0  0 10
D0 25 N 35  0 0 35
D0 50 N 60 0 0 60
D0 100 N 110 0 0 110
GS31 25 N 10 25 0 35
GS31 50 N 10 50 0 60
GS31 100 N 10 100 0 110
GS39  25 N 10 0 25 35
GS39 50 N 10  0 50 60
GS39 100 N 10 0 100 110
D0 25 N GS31 25 N 35 25 0 60
D0 50 N GS31 50 N 60 50 0 110
GS31 25 N GS39 25 N 10 25 25 60
74), X
r
i
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v
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w
i
p
t
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a
c
tGS31 50 N GS39 50 N 10 50 
a D0 = Sowing, GS31 = Growth Stage 31, GS39 = Growth Stage 39 (Zadoks et al., 19
elationships (Buczko and Kuchenbuch, 2007). However, unlike
ndex systems, Bayesian Networks facilitate the incorporation of
ore complex cause and effect relationships.
The transport component of the network was  based on conser-
ation of mass and conceptualised using Eq. (1):
s = P −
(
Yld
PWU
)
− Dd (1)
here  Ds is drainage to surface water, P is annual precipitation, Yld
s crop yield (kg), PWU  is plant water use (kg grain/mm) estimated
rior to this study (Nash et al., 2010) using APSIM and Dd is drainage
o deep water tables (deep drainage). Drainage to surface water
Ds) is the only transport vector considered by the network and is
ssumed to have surface and sub-surface (i.e. fast and slow) ﬂow
omponents. The surface ﬂow is assumed to be overland ﬂow while
he sub-surface ﬂow is assumed to be interﬂow (Nash et al., 2002).
Fig. 2. Bayesian Network used to estimate the impact of various management strateg50 110
XN = kg N/ha applied.
It  is of note that the network assumes an “average” annual rainfall
distribution.
In developing the source components of the network it was
assumed that N was  derived from the plants, soil and fertilisers
applied in that year, and it was  assumed that N mobilisation from
one source did not affect N mobilisation from other sources. This
approach has been used elsewhere for P (Nash and Hannah, 2011;
Nash et al., 2005; Pierson et al., 2001). Crops in the Dunkeld region
are often grown in soils on low slopes and therefore low erosion
potential. Not surprisingly, under such circumstances, Total Dis-
solved N (TDN) comprises 46–98% of Total N (TN) (Johnston, 2006)
and Nitrate/Nitrite comprises >95% of TDN (Johnston, personal
communication, March 2010). While there are clear relationships
between plant, soil and fertiliser N, given the solubility of nitrate the
assumption of independent mobilisation would seem reasonable
for cropping systems in the Dunkeld region.
ies on nitrogen exports from high rainfall cropping in south-eastern Australia.
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The Bayesian Network was used in a prognostic way  by spec-
fying the posterior probabilities (i.e. estimated or known values)
or the nodes containing variables that were used for the APSIM
odelling. For example the State of the Crop Type node was  set
o Wheat SS, Wheat MS  or Wheat LS by giving the appropriate
tate 100% probability. In addition to the Crop Type, posterior prob-
bilities were speciﬁed for Crop Yield (using the APSIM output),
stimated Mineral N, Fertiliser Appn. Days After Sowing, Fertiliser
ate at Sowing, Fertiliser Rate at Within Season Application and
umber of Within Season Fert. Applications. The prior probabili-
ies (i.e. initial settings) were accepted for all other nodes as they
eﬂected the distribution of the different possibilities (i.e. States)
or the Dunkeld region.
.1.  Crop yield modelling
The  APSIM model (Keating et al., 2003) simulates biophysical
rocesses in farming systems by providing a framework for bio-
ogical, environmental and management modules to be ‘plugged
n’ to a simulation engine which communicates with the indepen-
ent modules to produce output (McCown et al., 1996). APSIM
imulates crop development, growth, yield, and N accumulation
n an area basis, in response to temperature, radiation, photope-
iod, soil water, and N supply, on a daily time-step (Robertson
t al., 2002). Additional details of the model can be found at
ttp://www.apsim.info/.
Crop yields were estimated in the absence of frost damage,
ater-logging, crop disease and competition from weeds and it was
ssumed that N was the limiting nutrient (i.e. phosphorus, potas-
ium, sulphur and trace elements were not limiting). It was  also
ssumed that none of the wheats were grazed. The modules used
n APSIM 6.0 for all simulations were manager and fertilise, which
escribe speciﬁc agronomic practices and fertiliser management;
he environmental modules surface organic matter, soil module and
 met ﬁle, to describe the cropping environment, and the wheat
lant module. Climate data was sourced from the SILO database
http://www.bom.gov.au/SILO) for the Dunkeld weather station.
Crop production was modelled assuming similar sowing condi-
ions each year for 120 years using climate data from 1889 to 2008.
or each simulation run (i.e. year of climate data), initial soil water,
oil mineral N (NO3− and NH4+) for the respective high, medium
nd low soil N scenarios and surface organic matter were reset to
he values presented in Fig. 3. The sowing dates were assumed to
e June 15, May  15 and April 1 for Silverstar, Chara and Mackel-
ar, respectively. The crop spacing was assumed to be 150 mm,
rop sowing depth 25 mm and the crop density 200 plants/m2. It
as assumed that the wheat crop followed a canola crop which
eft a non-standing residue of 1000 kg/ha with a C:N ratio of 80.
he data are presented as arithmetic averages of the 120 estimated
nnual crop yields. It is of note that APSIM has been calibrated and
sed extensively to model wheat yields in the Dunkeld region with
easonable success (Clough et al., 2010).
.2. Gross margin analyses
The  input costs used for the gross margin analyses are presented
n Table 2. The gross margin analyses assumed that the same inputs
ere required for each wheat variety. There may  be some differ-
nces in herbicide and fungicide use between varieties when they
re used in the ﬁeld depending on the climatic conditions, which
ffect fungal infestations, and potential competition from weeds.
or example, a short-season variety such as Silverstar is sown later
o spraying can be delayed and the need for fungicide is related to
reeding. However, as the differences between varieties were not
lear-cut and yields were estimated in the absence of crop disease
nd competition from weeds, the assumption of similar fungicidenomy 47 (2013) 23– 32
and  herbicide use would appear appropriate. Nitrogen fertiliser
costs were based on a urea price of $700/t. Since urea is 46% N
the assumed N price was  $1522/t.
The wheat prices used in these analyses depended on the vari-
ety. Mackellar is a ‘red’ wheat and therefore used for animal feed,
whereas Silverstar and Chara are potentially bread wheats. How-
ever, when grown in the Dunkeld region Silverstar and Chara do not
always achieve the necessary quality standards and are sometimes
sold as feed wheat. Consequently a $20/t premium was assumed
for Silverstar and Chara ($220/t) and a wheat price of $200/t was
assumed for Mackellar.
3.3.  Statistical analyses of model outputs
The simulated crop yield, gross margin and Dissolved N Load
Factor were subjected to ANOVA to reveal their structure in
terms of applied N, soil N and crop variety. The ANOVAs were
without blocking structure but had fully factorial treatment struc-
tures of applied N by soil N by variety, and included linear and
quadratic orthogonal polynomial contrasts for the quantitative lev-
els of applied N. Analysis assumptions of constant variance and
normal distribution were checked graphically using histograms,
normal quantile plots of residuals, and graphs of residuals against
ﬁtted values. Variables were log10 transformed to meet these
assumptions if required. Analyses were performed using GenStat
13 software (VSN International, Hemel, Hempstead, UK, Web  Page:
GenStat.co.uk).
4. Results and discussion
Summary  data from the Bayesian Network and APSIM, and
the gross margin analyses are presented in Fig. 4. All three vari-
ables, applied N, initial soil N and wheat variety, affected yield
estimates (P < 0.001). Estimated yields increased (P < 0.001) from
3222 to 4329, 5002 and 5716 kg/ha as N applications increased
from 10 to 35, 60 and 110 kg N/ha and increased from 3840 to
5107 and 6010 kg/ha for low, medium and high initial soil N,
respectively. There were both linear (P < 0.001) and quadratic com-
ponents (P = 0.039) of the relationship between applied N and yield.
There was also a signiﬁcant applied soil N by initial soil N inter-
action (P = 0.048) which displayed a linear component (P = 0.003).
Interestingly, the mean yields for Silverstar and MacKellar were
similar (4833 and 4890 kg/ha respectively) but different from Chara
(5235 kg/ha, P < 0.005) and there was a marginal soil N by variety
interaction (P = 0.081). Overall, it would appear that irrespective of
fertiliser application rates, crops grown on soils with higher initial
N concentrations are generally higher yielding.
The outcomes of the statistical analyses of the gross margins
were similar to those for yields with a slight variation primarily
due to the wheat prices. Applied N, initial soil N and wheat variety,
affected gross margin estimates (P < 0.001) and the overall gross
margin was $522/ha. Gross margins increased with fertiliser appli-
cation rate from 264 to 444, 539 and 602 $/ha for the 10, 35, 60
and 110 kg N/ha application rates with strong linear (P < 0.001) and
quadratic components (P < 0.001) to the relationship. The increased
signiﬁcance of the quadratic component of the statistical model
compared to that of the yield analyses reﬂects the fertiliser costs
at higher application rates and the decreasing marginal returns to
fertiliser. The gross margins for low, medium and high initial soil N
were 297, 546 and 723 $/ha respectively and for Silverstar, Chara
and Mackellar were 526, 608 and 431 $/ha.Like yield and gross margin estimates, the Dissolved N load
Factor was affected by applied N, initial soil N and wheat variety
(P < 0.001). The average Dissolved N Load Factor was  2.1 with Sil-
verstar, Chara and Mackellar having 2.3, 1.7 and 2.4, respectively.
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Fig. 3. Parameters used for APSIM modelling at Dunkeld of (a) plant available soil water (drained upper limit (DUL), crop lower limit (CropLL) and initial soil water (Initial)),
initial distributions of nitrate (NO3−) and ammonium (NH4+) under the (b) high, (c) medium and (d) low soil N scenarios, and (e) soil organic carbon.
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Table  2
Variable costs used to calculate gross margins for wheat crops.
Class Description Rate Unit cost ($/ha) Cost per hectare ($)
Contractor cost Spraying (x3) 12 36.00
Seeding 70 70.00
Fertiliser application 10 10.00
Harvesting 70 70.00
Seed  60 kg/ha 24.00
Herbicides Glyphosate® 1.2 L/ha 8 9.60
Logran/DG® 1 L/ha 15 15.00
Tristar/Dim® 1 L/ha 37 37.00
0.2
10
T
f
N
1Fungicides Folicur®
Fertiliser  (P) Triple-superphosphate he Dissolved N Load Factor decreased with increasing initial soil
ertility (4.0, 2.0 and 0.4 for the low, medium and high initial soil
 respectively) and increasing applied N (4.4, 3.2, 2.2 and 1.0 for
0, 35, 60 and 110 kg N/ha, respectively), presumably reﬂecting the
Fig. 4. Box and whisker plots of yields (a), gross margins (b) and9 L/ha 35 10.15
0 kg/ha 0.7 70.00importance of transport factors in determining the environmental
impact of fertiliser additions.
NETICA software was used to investigate the sensitivity of
the Dissolved N Load Factor, estimated as Variance Reduction,
 Dissolved N Load Factors (c) against applied fertiliser N.
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Table  3
Variance reduction (sensitivity) estimates for the Dissolved N Load Factor.
Node Variance reduction
Total Load Factor 36.3
Total Runoff 10.2
Surface Water 8.9
Sub-Surface Water 8.5
Sowing Fertiliser Source Factor 4.9
Crop Yield 4.2
Annual Rainfall 1.8
Sowing Fertiliser Nitrogen 1.5
Days Between Sowing and Runoff 1.5
Soil Source Factor 0.4
Estimated Mineral N 0.2
Fertiliser Rate at Sowing 0.2
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o transport and source factors (i.e. Nodes). The output node
Dissolved N Export Factor) is quantitative and has an initial
istribution. Information supplied about the state of a parent (e.g.
ite) node may  shrink the output node distribution towards more
robable values, reducing its variance. The Variance Reduction is
imply the difference between the variances of the output node
istribution computed before and after information was supplied
nd provides an estimate of the sensitivity of the Dissolved N
oad Factor to ﬁndings at other nodes (Pearl, 1988). The Variance
eduction for the Dissolved N Load Factor was computed for the
efault probability distributions of parent nodes and is presented
n Table 3. It is noteworthy that the Variance Reduction depends on
he default values of other nodes within the network and therefore
he relative importance of transport and source factors.
Using the default probability distributions for the network,
ransport factors are the most inﬂuential in explaining the varia-
ion in Dissolved N Load Factor. Intermediate Variables, Total Runoff
i.e. total drainage), Surface Water, Sub-Surface Water and Sow-
ng Fertiliser Source Factor explained 28, 25, 24% and 14% of the
ariance reduction when expressed as a percentage of Total N
oad Factor variance. Of the Site Variables, Year Variables or Man-
gement Variables, Crop Yield (variance reduction 12%), Annual
ainfall (variance reduction 5%) and Days Between Sowing and
unoff (variance reduction 4%) were the most inﬂuential, followed
y Estimated Mineral N (i.e. an estimate of initial soil N fertility),
ertiliser Rate at Sowing and Number of Within Season Fert. Appli-
ations. The importance of the within season fertiliser applications
as affected by the 60% of farmers assumed to refrain from such
pplications. These results imply that the reductions in drainage
olumes from improved crop growth, which are linearly related
o N exports at constant N concentrations, have a greater impact
n N exports than the increased N concentrations resulting from
he additional fertiliser N applications used to achieve that extra
rowth.
The interplay between transport and source factors is amply
emonstrated in Fig. 4. At low soil N, additional fertiliser N tended
o increase N export risk as estimated by the Dissolved N Load
actor. The additional fertiliser appeared inadequate to increase
ater use sufﬁciently to compensate for the additional N supply.
s more fertiliser was added the reverse was true. These observa-
ions were evident as data were added to the network. At medium
oncentrations of soil N, fertiliser enhanced crop growth and water
se, lowering the risk of N exports. At high soil N, fertiliser quickly
ncreased crop water use until no drainage was  predicted. Such
esults are consistent with runoff monitoring in this region (Nash
t al., 2009).
An  important question in the context of these ﬁndings is:
ow much do the assumptions underlying the APSIM modelling
ffect the estimates of environmental risk through the transportwheat  (Silverstar®) grown at Dunkeld in south-eastern Australia under high ini-
tial soil N and a 110 kg N fertiliser application strategy and low initial soil N and
10  kg N/ha fertiliser application strategy.
factor and also gross margins? There was no general trend relating
estimated crop yield to annual rainfall (Fig. 5) obviating the need
to condition yield based on annual rainfall, or vice versa, in the
Bayesian Network. However, frost damage, crop diseases, water-
logging and weeds are four factors affecting yield that were not
considered in the APSIM modelling. Frost damage occurs late in the
season, affects grain set and affects good and poor crops equally. It
follows that yields estimated by APSIM would overestimate gross
margins but not necessarily plant water use where it is the veg-
etative growth of the crop, rather than simply grain yield, which
is best correlated with water use. Similarly, crop diseases would
also be expected adversely affect both good and poor crops in the
Dunkeld region. However, the impact of disease on the Dissolved
N Load Factor and potential yield would depend on the particular
pathogen. Some pathogens only affect the plant at grain ﬁlling. It
follows crop diseases are likely to have a bigger effect on gross mar-
gins than the estimated plant water use and therein a limited effect
on the Dissolved N load Factor.
Water-logging and competition from weeds on the other hand
are two factors that indirectly affect yield through impaired veg-
etative growth. In the case of weed competition, potential crop
yield from APSIM probably provides a better estimate of total plant
water use (i.e. weeds and crop) and therefore N export risk, than
an actual crop yield. However, the effects of weed competition
are likely to be more acute in poor crops suggesting the APSIM
data will overestimate the yield used for gross margin analyses
at lower fertiliser application rates. The extent to which water-
logging adversely affects crop growth and ultimately yield depends
on when it occurs. Water-logging can kill sections of the crop and
as a result of de-nitriﬁcation, water-logged crops commonly suf-
fer from N deﬁciency (McDonald, personal communication, March
2010). It is common practice in the Dunkeld region for farmers
to apply N to previously water-logged ﬁelds to stimulate plant
growth, plant water use, and ultimately, achieve proﬁtable yields.
This implies that while water-logging would lead to overestima-
tion of crop water use and gross margins, that overestimation will
be greatest for the low initial N status soils and treatments where
most N is applied at sowing.
Recommendations for fertiliser management based on the data
collected during this study are presented in Table 4. While in many
cases the lowest N export risks were associated with the highest
gross margins, to assist interpretation, the Gross Margin divided by
the Dissolved N Load Factor was used to develop a “Sustainability
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Table  4
Analyses of gross margins and environmental performance of different wheat varieties, fertiliser application rates and fertiliser application strategies using data derived from
APSIM  modelling and the use of a cropping Bayesian Network.
Crop Soil N Total fertiliser
N  added
(kg/ha)
Gross Margin
(GM)  ($/ha)
Environmental
Impact (EI) as
estimated  by
Dissolved  N
Load  Factor
(unit-less)
Sustainability
Rating (GM/EI)
Recommendation Comments
Silverstar Low 110 526 1.1 470 An additional 50 kg N/ha at
sowing  and an additional
application  (50 kg N/ha) at
GS31a.
This recommendation reﬂects the
reduction in the volume of runoff
(due to plant water use) that
accompanies a productive crop.
Medium  50 645 0.2 >3000 Two post-sowing applications
of  fertiliser (25 kg N/ha).
OR
Rating based on maximum
ﬂexibility.
110 694 0.2  >3000 An additional 50 kg N/ha at
sowing  and an additional
application  (50 kg N/ha) GS31.
High 50 757 0.2 >3000 Sowing N (10 kg N/ha) and two
post  sowing applications of
fertiliser (25 kg N/ha).
This option provided the best
overall ﬂexibility, was within 3
$/ha of the highest gross margin
and low environmental risk.
Chara Low  110 576 1.1 505 An additional 50 kg N/ha at
sowing  and an additional
application  (50 kg N/ha) at
GS31.
This  recommendation reﬂects the
reduction in the volume of runoff
(due to plant water use) that
accompanies a productive crop.
Medium  50 750 0.2 >3000 Two post-sowing applications
of  fertiliser (25 kg N/ha).
OR
Rating based on maximum
ﬂexibility.
110 780 0.0  >3000 Two post-sowing applications
of  fertiliser (50 kg N/ha).
High 50 873 0.0 >3000 Two post sowing applications
of  fertiliser (25 kg N/ha).
This option provided the best
overall ﬂexibility, was within 3% of
the highest gross margin and low
environmental risk. Rating has
been based on management
ﬂexibility.
Mackellar Low  110 392 1.0 384 An additional 50 kg N/ha at
sowing  and an additional
application  (50 kg N/ha) at
GS31.
This  recommendation reﬂects the
reduction in the volume of runoff
(due to plant water use) that
accompanies a productive crop.
Medium  110 594 0.0 >3000 An additional 50 kg N/ha at
sowing  and an additional
application  (50 kg N/ha) at
GS31.
The  highest gross margin was
associated with the lowest
environmental  impact.
High  60 778 0.0 >3000 An additional 50 kg N/ha at
sowing  and an additional
application  (50 kg N/ha) at
GS31.
This  recommendation was based
primarily on the marginal returns
as most options had a low EI and
hence high sustainability rating
(i.e. >3000).
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ating” which incorporated environmental and economic elements
$/unit of Environmental Impact). In general the recommendations
ere derived ﬁrstly by comparing the Sustainability Ratings of the
ifferent strategies for applying 10, 35, 60 or 110 kg N/ha to each
heat variety and at each soil N level. Then strategies were com-
ared between fertiliser application rates to develop an overall
ecommendation for each wheat variety by initial soil N, combi-
ation. Where Sustainability Ratings were similar and differences
etween strategies were minimal (i.e. c. ±0.5 Dissolved N Load Fac-
or or c. ±$50 Gross Margin) the effects of the discretisation of yield
n the Bayesian Network and associated error (Nash and Hannah,
011) was considered and preference was given to strategies that
inimised N applications at sowing.
In practice the marginal returns from crops depends on theoisture available for crop growth, possible adverse effects of
ater-logging, pests, pathogens, weed competition, etc. and the
osts of remedial measures. While these factors were not con-
idered in the APSIM simulations, all are generally expressedpost-sowing. It follows that the lowest upfront application of N
that facilitates reasonable crop establishment and yield potential
will minimise N exports, minimise sunk costs (i.e. costs which can-
not be recovered) in the case of an adverse season, and allow the
farmer the ﬂexibility to adjust their fertiliser strategy, and therefore
potential gross margins, in response to seasonal conditions.
For  low soil N and irrespective of the wheat variety, this study
suggests 60 kg N/ha at sowing and a 50 kg N/ha application at GS31
(i.e. 110 kg N/ha over the season) is generally the best option.
Presumably that is the result of establishing a healthy crop on
an N deﬁcient soil which maximises water use in later stages
of crop growth. An option that was  not explored in this study
but which may  assist management ﬂexibility at sites with low
soil N is an initial application of 35 kg N/ha followed by one or
more 25 or 50 kg N/ha applications of fertiliser at GS31 and/or
GS39.
For both the medium N and high N soils, this study would sug-
gest that applying additional N in split applications post sowing
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Fig. 6. Plots of estimated average annual yields and gross margins against estimated
environmental  impact (Dissolved N Load Factor) from Dunkeld in south-eastern
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pustralia  with data for the low initial soil N, 10 kg N/ha at sowing options.
i.e. 25 kg N/ha at both GS31 and GS39 to give a total applica-
ion of 60 kg N/ha for the season) is generally the best option
or Silverstar and Chara. Depending on the season, post sow-
ng applications can be adjusted as necessary to enhance gross
argins. On medium N soils, for the long season Mackellar,
n additional 50 kg N/ha at sowing (i.e. 60 kg N/ha at sowing)
nd an additional 50 kg N/ha at GS31 (to give season total of
10 kg N/ha) was the best option (+$68/ha). The next highest gross
argins (and environmental outcomes) for Mackellar were an
dditional 100 kg N/ha at sowing (i.e. 110 kg N/ha at sowing) or
t GS39 (i.e. 10 kg N/ha at sowing and 100 kg N/ha at GS39) or
00 kg N/ha split between GS31 and GS39 (i.e. 10 kg N/ha at sow-
ng and 50 kg N/ha at both GS31 and GS39). Mackellar seems to
ave a high N requirement overall and the higher N require-
ent of Mackellar was also evident for crops grown on the high
 soils. Again the best strategy was an additional 50 kg N/ha
t sowing and again at GS31 (+$54/ha compared to next best
ption).
The general relationships between the N export risk (Dis-
olved N Load Factor) and two economic performance measures,
rop yields and gross margins, are presented in Fig. 6. Both are
nverse relationships implying that lower N exports are gener-
lly associated with higher yields and higher gross margins. From
 management perspective those relationships imply that where
armers improve their productivity they are simultaneously low-
ring the risk of N exports. This is consistent with the sensitivity
nalysis of the network and suggests that generally where addi-
ional N fertiliser is used to improve crop yields and gross margins,
he increased N availability in the form of a larger fertiliser source
actor has less impact on N exports than the subsequent water use
as on overall N transport.
The  increased slope of the relationship between the Dissolved
 Load Factors and gross margins compared to the relationship
etween Dissolved N Load Factors and yields implies that increased
ertiliser efﬁciency gives a proportionally larger additional envi-
onmental beneﬁt if farmers aim to maximise their gross margins,
ompared to simply maximising yields. Pursuit of maximum yield,
rrespective of the marginal returns on inputs such as fertiliser that
dversely affect environmental outcomes, is likely to lower gross
argins. It follows that farmers who aim to maximise their gross
argins are simultaneously minimising the risk of N exports. Fac-
ors such as the costs of fertiliser use (including the cost of the
ertiliser itself and spreading costs) and the prices received for
roduce affect marginal returns, and consequently, the slope ofnomy 47 (2013) 23– 32 31
the relationship between N export risk and gross margins and the
degree to which maximising gross margins will maximise environ-
mental beneﬁts.
5.  Concluding discussion
In  this study APSIM has been used to simulate crop yields for
the Dunkeld region of south-eastern Australia. Those yields have
been used to estimate gross margins and a Bayesian Network has
been used to quantitatively evaluate the effects of different fer-
tiliser application rates and management strategies on N exports.
Within the conﬁnes of the assumptions used in these simulations,
it would appear that for Dunkeld and similar high rainfall cropping
regions of south-eastern Australia, where farmers maximise their
gross margins they are simultaneously minimising the N export risk
as the effects of N mobilisation directly from fertiliser are offset by
increased crop water uptake and lower drainage volumes. Impor-
tantly, this study also suggests that inadequate crop establishment
potentially increases N exports through lower water use and higher
drainage volumes. Although not tested in this study, in that situ-
ation N export risk is likely to be exacerbated by lower rates of N
uptake by the crop.
Speciﬁc  recommendations have been developed for managing N
fertiliser used for growing wheat varieties with different growing
season lengths and where soils have different pre-sowing N fer-
tility. In general, only sufﬁcient N should be applied at sowing to
ensure gross margins (and therein water use) can be maximised
by additional N fertiliser applications, for example at GS31 and/or
GS39, when factors likely to adversely affect crop performance are
in evidence and fertiliser rates can be adjusted accordingly. This
strategy has the beneﬁt of minimising sunk (i.e. non-redeemable)
costs and deferring some expenditure.
While the Dunkeld site is representative of the high rainfall crop-
ping zone of south-eastern Australia, care needs to be exercised in
generalising the results of this simulation study. Changes to the
input data used in the environmental and production modelling,
for example, rainfall distribution, sowing dates, fertiliser prices
and crop prices, are likely to affect the N export risk, marginal
returns and optimum fertiliser management strategy. Only a lim-
ited range of management strategies were tested. Moreover, while
there were some limited ﬁeld data from the area that could be
used to assist APSIM modelling, there were no such data that
could be used for independently validating the Bayesian Net-
work.
A useful extension of the current study would be to test a broader
range of management strategies such as the use of 35 kg N/ha
at sowing on low N soils where Mackellar is being grown, fol-
lowed by additional 25 or 50 kg N/ha applications later in the
season. Such analyses would be particularly useful if the effects
of applying N fertilisers to alleviate N deﬁciency after water-
logging and consideration of the cropping rotations (i.e. different
crop sequences) commonly used in the Dunkeld region were also
incorporated into the study. In the case of water-logging it is ques-
tionable if, in regard to N exports, the increased water use by
the crop would offset increased N additions under those circum-
stances. In the case of different cropping rotations, it would be
useful to know, for example, the agronomic, economic and envi-
ronmental consequences of having a legume or a green manure
crop in the rotation. It may  well be that over a four year rota-
tion environmental and economic objectives may  be in conﬂict.
Irrespective of the crop rotation, this study emphasises the envi-
ronmental and economic importance of accurately estimating
soil N status, either through soil testing or paddock records,
prior the landholder developing their fertiliser management
strategy.
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